Abstract The hydrogen isotope ratio (HIR) of body water and, therefore, of all endogenously synthesized compounds in humans, is mainly affected by the HIR of ingested drinking water. As a consequence, the entire organism and all of its synthesized substrates will reflect alterations in the isotope ratio of drinking water, which depends on the duration of exposure. To investigate the effect of this change on endogenous urinary steroids relevant to doping-control analysis the hydrogen isotope composition of potable water was suddenly enriched from -50 to 200 ‰ and maintained at this level for two weeks for two individuals. The steroids under investigation were 5β-pregnane-3α,20α-diol, 5α-androst-16-en-3α-ol, 3α-hydroxy-5α-androstan-17-one (ANDRO), 3α-hydroxy-5β-androstan-17-one (ETIO), 5α-androstane-3α,17β-diol, and 5β-androstane-3α,17β-diol (excreted as glucuronides) and ETIO, ANDRO and 3β-hydroxyandrost-5-en-17-one (excreted as sulfates). The HIR of body water was estimated by determination of the HIR of total native urine, to trace the induced changes. The hydrogen in steroids is partly derived from the total amount of body water and cholesterol-enrichment could be calculated by use of these data. Although the sum of changes in the isotopic composition of body water was 150 ‰, shifts of approximately 30 ‰ were observed for urinary steroids. Parallel enrichment in their HIR was observed for most of the steroids, and none of the differences between the HIR of individual steroids was elevated beyond recently established thresholds. This finding is important to sports drug testing because it supports the intended use of this novel and complementary methodology even in cases where athletes have drunk water of different HIR, a plausible and, presumably, inevitable scenario while traveling.
Introduction
Recent investigation of hydrogen isotope ratios (HIR) of urinary steroids has demonstrated the potential and value of HIR in sports drug testing [1] . HIR are expressed as δ 2 H VSMOW values against the international standard, Vienna Standard Mean Ocean Water (VSMOW), on the basis of Eq. (1):
where 2 H/ 1 H refers to the hydrogen isotope ratio of sample or standard [2] . Absolute δ 2 H VSMOW values obtained for urinary steroids vary over a 100 ‰ range, from −220 to −320 ‰, for all investigated steroids and over approx. 50 ‰ for an individual steroid [1] . So, different endogenous steroids have significantly different HIR when excreted into urine, most probably because of isotopic fractionation or hydrogen exchange in the course of steroid metabolism or as a result of different isotopic composition of the precursor molecules at different endogenous production sites [3] . Consequently, absolute δ 2 H VSMOW values are arguably not a promising option for detection of illicit steroid administration, so differences between steroids originating from discrete biological pathways were investigated. In accordance with carbon isotope ratio (CIR) determinations, analysis of distinct isotopic profiles is a valuable tool and endogenous reference compounds (ERC), for example pregnanediol (PD), and target compounds (TC), for example testosterone (TESTO), are considered and expressed as Δ 2 H values on the basis of Eq. (2):
These Δ 2 H values established by means of reference population-based studies cover both the intra and interindividual variations and measurement uncertainties and can therefore be applied to sports drug testing in a straightforward manner [1, [4] [5] [6] [7] . However, this is valid only as long as Δ 2 H values are stable within the individual athlete. The objective of this study was to investigate the effect of a sudden change in the isotopic composition of drinking water on absolute δ 2 H VSMOW and Δ 2 H values to ensure the validity of established thresholds. The activity of highprofile athletes necessitates a substantial travel around the world to attend competitions, and the HIR of potable water varies substantially, from +10 to −150 ‰ [8] [9] [10] [11] [12] [13] . So it can be assumed that the steady-state of hydrogen isotope distribution during steroid production within the body will be disturbed during traveling, which might result in significantly different Δ 2 H values. Such changes would challenge the diagnostic value of established thresholds and, therefore, of the entire approach.
The steroids under investigation to clarify this issue were: 5β-pregnane-3α,20α-diol (PD), 5α-androst-16-en-3α-ol (16EN), 5α-androstane-3α,17β-diol (5aDIOL), 5β-androstane-3α,17β-diol (5bDIOL), 3α-hydroxy-5α-androstan-17-one (ANDRO), and 3α-hydroxy-5β-androstan-17-one (ETIO) excreted into urine as glucuronide conjugates. The steroid sulfates of ETIO, ANDRO, and 3β-hydroxy-androst-5-en-17-one (DHEA) were also studied.
The HIR of total native urine was also determined. By means of this information, changes in the isotopic composition of total body water can be monitored to examine the overall effects of the administered labeled water and to enable calculation of expected changes in body cholesterol. The HIR of the spiked drinking water was also measured. Moreover, hydrogen-exchange experiments were conducted to determine whether changes in HIR of urinary steroids can be attributed to exchangeable hydrogen atoms on the steroidal backbone. Finally, to ensure that metabolism of steroids is not affected by changes in the deuterium content of body water, urinary concentrations and CIR of excreted steroids were also monitored.
Experimental

Chemicals and steroids
Bakerbond SPE Octadecyl columns (6 mL, 500 mg) were purchased from J.T. Baker (Deventer, Netherlands). Pyridine and acetic anhydride were from Sigma-Aldrich (Buchs, Switzerland) and β-glucuronidase from Escherichia coli was from Roche Diagnostics (Mannheim, Germany). tert-Butyl methyl ether (TBME) was obtained from Acros (Geel, Belgium), methanol, ethyl acetate, and sodium hydroxide from Merck (Darmstadt, Germany) and acetonitrile from Biosolve (Valkensward, Netherlands). All solvents and reagents were of analytical grade.
Steroid reference material 5aDIOL, 5bDIOL, 16EN, and 3β-hydroxy-5α-androstane (RSTD) were supplied by Steraloids (Newport, RI, USA). ANDRO, ETIO, PD, and DHEA were supplied by Sigma-Aldrich (Steinheim, Germany). Two secondary isotopic reference materials were purchased from A. Schimmelmann (Indiana University, IN, USA), namely the n-alkane mixture C3 (CAL1) and 5α-androstane batch#2 (CAL2) to calibrate the hydrogen tank gas (Carbagas, Gümlingen, Switzerland). Deuterium oxide (99.9 atom % 2 H) was from Sigma-Aldrich. TESTO (17β-hydroxy-androst-4-en-3-one) and ETIO-glucuronides were purchased from NMI (Sydney, Australia), ANDROglucuronide and DHEA-sulfate were from Sigma-Aldrich and ETIO and ANDRO-sulfates from Steraloids.
Administration study
Participants
Two male volunteers (aged 32 and 37 years, body weight 76 and 81 kg and height 175 and 180 cm, respectively) participated in this study. Both subjects were healthy and declared not to use any prohibited substance or dietary supplement. During the study volunteers were asked not to change eating or drinking habits and to continue with their normal exercise (5 to 8 h per week). Both volunteers gave written consent and the study was approved by the ethics committee of the German Sport University.
Administration procedure
The hydrogen isotopic composition of drinking water can be expected to vary over a range of approximately 160 ‰ throughout the world [9, 11] . To investigate the effects of sudden and pronounced changes it was decided to change the HIR by 250 ‰ for the sum of all water ingested during this study. For practical reasons, and to compensate for the significant contribution of food to the total amount of water ingested, it was decided to orally administer an aliquot (0.25 L) of highly enriched water in the morning and one in the evening with approx. 12 h in between. Supported by dietary records the total amount of water ingested by the individuals was estimated, to calculate the required HIR for the deuterium-enriched aliquots of drinking water [14] .
At the beginning of the study the volunteers drank twice the amount of deuterium enriched water (2×0.5 L) during the first two days of administration, to accelerate the changes to be induced. After two weeks of administration both volunteers returned to normal drinking water. To ensure homogenous labeling of drinking water a commercially available bottle for water dispensers containing 19 L was spiked with 5.5 mL 2 H 2 O and used as source of enriched water for the period of administration. This addition was calculated to change the δ 2 H value of the water by approx. 1500 ‰, which, assuming dilution by the factor of 6, should result in an overall change of drinking water by 250 ‰. The dilution factor of 6 results from a supposed total water consumption of 3 L per day.
Urine sampling
Before the first administration, one blank morning urine was collected and then every morning urine and one spot urine in the evenings were sampled for the complete time of administration and for another two weeks after cessation. To monitor the complete return to basal value two morning urine samples were collected 6 and 7 weeks after the experiment had started. All specimens were stored frozen at −20°C until analysis.
For HIR determinations of endogenous steroids, all morning urine samples were investigated because of to the higher steroid content. Investigation of the HIR of total urine was performed for the first 25 days of the study.
Directly after changing the drinking water, both morning and evening urine was measured; otherwise only evening urine was determined. This procedure was chosen to minimize the number of samples under investigation but to trace changes properly wherever they were expected to be particularly pronounced.
GC-MS measurements
An aliquot of each specimen was prepared in accordance with routine doping-control sample-preparation procedures to determine the amount of endogenous steroids [15] . This enabled determination of the urine volume required for IRMS and ensured that urinary concentrations remained stable throughout the entire time period under investigation.
Because the steroid profile determined for each sample covers only glucuronidated steroids, the sulfates had to be quantified separately. An approach similar to one already published was chosen [7] , using some simplifications, for example leaving out a sulfated internal standard, because mainly the volume required for reconstitution before isotope measurements was of interest and not the absolute amount of the steroid [1] .
Sample preparation
Analytes have to be efficiently isolated and purified before gas chromatographic-thermal conversion-isotope ratio mass spectrometric (GC-TC-IRMS) analysis to avoid coelution of compounds and to maintain the ability to measure comparable amounts of differently concentrated urinary steroids. A detailed description of sample preparation to yield both glucuronidated and sulfated steroids including twofold high-performance liquid chromatography clean up has been published elsewhere and will, herein, only be described in brief [1, 6, 7, 16] .
Urine (10-30 mL) was applied to a conditioned C 18 solid-phase extraction cartridge. The column was washed with 2 mL water then eluted with methanol (3×1 mL). The dried residue was dissolved in 1.5 mL of sodium phosphate buffer and extracted with 4 mL of TBME to separate unconjugated steroids; the aqueous residue was hydrolyzed with β-glucuronidase for 60 min at 50°C and again extracted with 2×4 mL TBME. The organic layer (containing formerly glucuronidated steroids) was evaporated to dryness, re-dissolved in 2×100 μL methanol, transferred to an HPLC autosampler vial, and evaporated.
The aqueous residue was acidified to pH5 with 100-200 μL glacial acid and applied to a conditioned C 18 solid-phase extraction cartridge. After washing, the column was dried and stored in a vacuum desiccator overnight. Elution was performed with ethyl acetate-MeOH and after adding ethyl acetate-sulfuric acid the sample was incubated for 60 min at 50°C. Then 0.5 mL methanolic sodium hydroxide was added and the sample was evaporated to dryness, re-dissolved in water and extracted twice with 4 mL TBME to yield the formerly sulfated steroids. Half a milliliter of the organic layer was used for determination of steroid concentrations [7] ; the remaining volume was evaporated, re-dissolved in 2×100 μL methanol, transferred to an HPLC autosampler vial, and evaporated.
HPLC fractionation was performed on an Agilent 1100 HPLC system with an XBridge Shield RP18 5-μm (4.6 mm× 250 mm) column protected with an XBridge Shield RP18 5-μm (4.6 mm×20 mm) guard column purchased from Waters (Baden-Dättwil, Switzerland) [1] .
GC-TC-IRMS measurements
Instrumentation
All samples were measured on an Agilent 6890 gas chromatograph coupled to a Delta plus XL gas isotope-ratio mass spectrometer (ThermoElectron, Bremen, Germany) via a GC combustion interface (GCC III, ThermoElectron). Injections were performed in the splitless mode at 280°C with injection volumes ranging from 2 to 4 μL cyclohexane. The GC column was a J&W Scientific DB-17MS (length 30 m, i.d. 0.25 mm, film thickness 0.25 μm) from Agilent. For steroid measurements, the initial oven temperature of 70°C was maintained for 2 min and increased at 30°min −1 to 270°C, then at 2°min −1 to 290°C, then at 30°min −1 to 300°C and held for 1 min. For CAL1 and CAL2, the initial oven temperature of 80°C was maintained for 2 min and increased at 20°min −1 to 220°C, then at 5°min −1 to 250°C, then at 20°min −1 to 300°C and held for 2 min. Carrier gas was purified He (purity grade 4.9) with a constant flow of 1.4 and 1.0 mLmin −1 , respectively. The thermal conversion furnace was operated at 1,450°C. Data were acquired by use of Isodat NT 2.0 software (ThermoElectron).
Sequence alignment
Each sequence of 24 to 36 samples was bracketed by a set of reference standard measurements. After determining the H 3 + -factor, a standard containing CAL2 and RSTD at 150 ngmL −1 was injected four times followed by threefold injection of a standard containing the relevant steroids of interest within the sequence plus RSTD at the same concentration. At the end of the sequence the same standards were injected three times each. The results obtained for the standards from before and after were compared (t-test, p<0.05) and if no significant drift was detected, the sequence was accepted.
Blank urine
To each batch of samples (n06) blank urine was added to ensure valid measurements over time and to exclude any instrument drift as source of changes detected for urinary steroids. Frozen stored aliquots of the same pooled blank urine already used for method validation were processed [1] . This also enabled comparison of values obtained in this study with those from previous investigations.
Calibration of tank gas
The apparent δ 2 H VSMOW value of the hydrogen tank gas (−337 ‰) was calculated by using the mean value for all five n-alkanes contained in CAL1. The value obtained for the tank gas was confirmed by use of CAL2 and monitored constantly as CAL2 was injected with each batch of samples. With regard to the principle of identical treatment of standard and analytes [17] , CAL2 was the only commercially available steroid reference material.
Correction for the acetate moiety
All determined values were corrected for the effect of the acetate moiety as described in literature [16, 18] . All δ 2 H VSMOW values of urinary steroids reported within this article are for the underivatized steroid.
EA-TC-IRMS measurements
Samples and sample preparation
An in-house urine standard was collected in the morning from one male volunteer, filtered (0.45 μm, cellulose nitrate), and transferred to 200 autosampler vials (1 mL each) with continuous homogenization with a magnetic stirrer. These standards and all urine samples were stored frozen at −20°C and placed in the refrigerator the day before measurement, for defrosting. Thirty minutes before transfer to auto-sampler vials they were homogenized and temperature equilibrated to room temperature. The urine samples and a set of five aqueous working standards (purchased from Elemental Microanalysis, Okehampton, UK) were not further pretreated. Each sample (1 mL) was placed in an autosampler vial.
Sample analysis
One microliter of each sample was injected, by use of a Vario liquid sampler, into the reaction tube of Vario Pyro cube (Elementar Analysensysteme, Hanau, Germany). The Pyro cube was run in HD-Cr reduction mode [19] . The hydrogen gas generated at 1080°C in the Cr reactor was carried within the He stream (200 mLmin −1 ) through an absorption tube (NaOH and P 4 O 10 on carrier) and thermal conductivity detector to an IsoPrime100 (Isoprime, Manchester, UK) IRMS. Reference gas pulses were introduced via the reference gas injector box (Isoprime). IRMS performance was monitored by use of regular stability and H 3 + -correction tests using hydrogen reference gas. Reported δ 2 H VSMOW values were brought into agreement with accepted IAEA guidelines by using scale correction as described by Meier-Augenstein [20] . One difference was that four-point calibration with working standards was chosen because of the wide measurement range needed (from −100 to +1700 ‰). The in-house urine standard was used to monitor and correct for possible drift over time. It was measured after each four samples. The contribution to uncertainty of the corrected sample δ 2 H VSMOW values was taken into account via error propagation calculations.
Exchangeable hydrogen atoms bound to steroids
In contrast with the carbon atoms in the steroid backbone, with which no exchange can be expected, hydrogen atoms are prone to rapid equilibration with their environment. Changes in the isotopic composition of body water or urine might therefore affect the HIR of endogenous steroids directly without involving steroid metabolism pathways. Both direct hydrogen exchange and indirect incorporation of hydrogen from body water into cholesterol during biosynthesis were elucidated. To enable the differentiation of these effects, direct exchange of urinary steroids with hydrogen atoms from urine was investigated.
Therefore, one urine sample was split into five aliquots of 50 mL. One was unaltered and the others were fortified with 2, 4, 8, and 12 μL deuterium oxide, respectively. This results in enrichment of urine water to approximately +200, +450, +900, and +1500 ‰. The urine samples were left to equilibrate at room temperature for 1 h then processed as samples in accordance with the method. Steroids under investigation were ETIO, ANDRO and PD from the glucuronidated fraction and DHEA, ETIO and ANDRO from the sulfated fraction. Each sample was injected three times to minimize measurement uncertainty and to enable identification of even small differences introduced by the strong enrichment in deuterium of the urinary matrix.
Additionally, to check if the urinary matrix might have an effect, 5 mL water was spiked with steroid standards (glucuronidated TESTO, ETIO, and ANDRO and sulfated ETIO, ANDRO, and DHEA; 500 ngmL −1 each). Five of these steroid blanks were enriched as described above and processed together with the urine samples.
CIR determinations
All samples derived from the exchangeable hydrogen experiment and all aliquots containing PD, ETIO, and ANDRO from the drinking water change were also subjected to CIR determinations. Instrument and measurement details have been described in detail elsewhere [3] . For the urine enrichment the question arose whether these relatively high deuterium concentrations might affect subsequent CIR determinations in any way. For the drinking water switch, experiment CIR values were used to monitor any possible outstanding changes in metabolism, which should be mirrored by this isotope, also.
Statistical analysis
All statistical analysis was performed with IBM SPSS V20.0.0 software. Because changes in body water were monitored by EA-IRMS, changes in cholesterol could be calculated and compared with urinary HIR values of steroids. For one volunteer the changes in body water composition could be compared with the overall water administration to identify significant differences. For both total body water and total endogenous steroids single pool models were assumed; results from exponential curve fitting confirmed the assumption was sufficient for this investigation. Turnover of different steroid combinations within the body were investigated by use of Student's t-test for a<0.05, because HIR data can be assumed to be Gaussian distributed [1] . For effect of water and urine enrichment within the hydrogen exchange experiment was tested by applying linear models (LM) and probing for significant slopes (a<0.05).
Results and discussion
HIR of drinking water
The HIR of the enriched 19-liter bottle of drinking water was determined to be δ 2 H VSMOW 01646± 19 ‰; for the natural water δ 2 H VSMOW 0−72±2.6 ‰. This magnitude of enrichment fit well with prior expectations and was sufficient to change the HIR of body water significantly.
HIR of body water
EA-IRMS results
Urine reflects the isotope ratio of body water for both hydrogen and oxygen isotopes and is regularly used as matrix for the doubly labeled water technique for estimation of energy expenditure [21] . Therefore, it is the ideal matrix to trace changes in body water composition. As depicted in Fig. 1 , pronounced and very similar trends were observed for both subjects after changing the deuterium content of drinking water. The differences between the amount of enrichment for the subjects can most probably be ascribed to different amounts of overall water consumption during the administration period. Besides this, the slightly different isotopic composition of the additional water and food consumed might also have contributed.
During the wash out period from day 15, completely parallel alterations in HIR values were observed for both subjects. Fitting of a one pool model using Eq. (3): 
Diet record fit
Subject 2 completed a record of diet for the complete time of administration and by using this it was possible to estimate the real total water uptake per day. In total, taking into account both beverages and food, uptake was 3600 ± 141 mL water per day. With this data the incremental increase in deuterium enrichment over time was calculated by simply adding the amount of enriched water balanced by total water intake. This resulted in the graph shown in Fig. 2 . In comparison with the measured values this calculation slightly overestimates the deuterium content of body water. A possible explanation could be transfer of deuterium from total body water into biological compounds produced endogenously. The steep increase at the beginning is because the amount of enriched water administered here was twice as much as during the remaining time.
Theoretical changes in HIR of cholesterol
Taking into account the above-mentioned changes in HIR of body water it is possible to estimate the induced changes in body cholesterol. The fractional rate of synthesis of new cholesterol entering the fast turnover total comprising that in red blood cells and the liver is known to be 6 to 8 % [22] [23] [24] [25] . Moreover, taking into account that only 22 out of 46 hydrogen atoms in cholesterol are derived from body water, the overall change in HIR of cholesterol can be estimated to increase slowly to a maximum of approx. 35 ‰, as depicted in Fig. 3 . This change should subsequently be incorporated throughout biosynthesis and metabolism of the steroid and become visible in the urinary metabolites of cholesterol. Fig. 1 Hydrogen isotopic composition of urine after changing the isotopic composition of drinking water on day one and returning to normal water on day 14. Black circles represent subject 1 and grey diamonds subject 2. The error bars depict the measurement uncertainty of the EA-IRMS determinations Blank urine
Results obtained for the sixfold preparation of the blank urine are listed in Table 1 . During the period of 2 months in which measurements were conducted, no drift or significant change in HIR could be detected. This demonstrates the repeatability of the whole method over time and excludes any measurement uncertainty or drift as being responsible for the detected changes in HIR presented later. Besides this, comparing the values obtained during this study with already published values gathered during reference population determinations, a stable offset of 5 ‰ for all steroids is visible [1] . This might be a result of changes in HIR during long-term storage of the urine, but the data available were insufficient to confirm this effect. Further studies might be necessary here. Of importance to this study was the stability over a shorter time, which is proved by the data.
Steroid concentrations
Urinary concentrations were determined to ensure proper reconstitution of each analyte before IRMS and to trace possible changes in steroid metabolism induced by deuterium enrichment. Throughout the study, concentrations within each subject remained stable. As expected, morning urine always had a higher steroid content and slightly less variability than urine collected in the evening. No significant changes over time were detectable and coefficients of variation were in comparable ranges with those in other studies, i.e. between 20 % and 30 % [15, 26, 27] . As for the reference population, no significant correlation (p<0.05) was detectable between steroid concentration and the corresponding HIR.
Changes in HIR of urinary steroids
All the results obtained are summarized in Fig. 4 . Similar parallel, overall changes to the extent expected from our calculations for changes in the HIR of cholesterol (vide supra) were observed for all the steroids under investigation. The mean maximum change for glucuronidated steroids (PD, 16EN, ANDRO, ETIO, 5aDIOL, and 5bDIOL) was comparable for both subjects (36±4 and 37±3 ‰). The response was less distinctive for the sulfated steroids excreted (28±4 and 25±4 ‰ for subjects 1 and 2, respectively). Regarding the ERCs, the subjects responded slightly differently to the water change. Whereas for subject 2 similarly modified HIR values were obtained for both 16EN and PD, for subject 1 16EN seemed to be affected more than PD. This is also reflected by the coefficients for the applied model calculations listed in Table 2 . Subject 1 excreted less 16EN (335±142 ngmL −1 ), which might be indicative of a smaller amount of 16EN inside the body of this volunteer, and might explain the faster change of values after the induced changes in body water composition. In contrast, this subject excreted large amounts of PD (1075±437 ng mL −1 ) and again, if we assume that this reflects a large amount of PD within the body, this would explain the relatively slow response assuming that the turnover for all steroids follows similar kinetics. For subject 2, both steroids were excreted in similar amounts with slightly higher concentrations found for 16EN (300 and 500 ngmL −1 respectively) and changes in HIR occur at similar rates. Only the variability of 16EN was found to be larger here than for PD. Among the glucuronidated TCs, a parallel shift in HIR values was observed for all steroids; for the sulfated TCs some differences can be observed. Overall there is a tendency for a less pronounced response, although this is not significant in subject 1. For subject 2 it is significant for both ETIO and, especially, DHEA (Table 2) . Here the smallest change in HIR during the administration period, only 22 ‰, was determined. This again corresponds to large amounts of DHEA-sulfate excreted in the urine by this subject. In addition, subject 2 excreted, overall, more sulfated steroids than subject 1, which might explain the less pronounced response by these conjugates. For subject 1 measurements of DHEA sulfate were not possible, because of the small amount in the urine.
With the data available it is, of course, not possible to unambiguously identify the source of the slightly different changes in HIR, but considering also urinary concentrations, it seems obvious that less distinct changes are likely to be observed for steroids excreted in urine to a greater extent. These differences might affect established reference based values for Δ 2 H values.
Δ
H values and reference limits
If an ERC changed more quickly (or more slowly) than the TCs, as found for subject 1's 16EN and PD, this might cause a problem in the context of doping control analysis. In this case the established reference-based thresholds for distinguishing between an endogenous or exogenous source of steroid might lose their informative value, or at least suffer the loss of some statistical significance. So all Δ 2 H values were carefully investigated throughout the study and all were found to be within established limits not resulting in any false positive (i.e. elevated beyond the threshold) sample. The mean values and corresponding standard deviations are listed in Table 3 . As expected, the scatter of the data is between that of the blank urine processed within the study (Table 1) and that for the reference population [1] .
Nevertheless, some trends are visible as depicted in Fig. 5 . In particular for subject 1 it is obvious that the faster change of 16EN at the beginning of the study results in elevated PD-ANDRO, which would benefit the athlete because it would hamper detection of exogenous steroids. For subject 2 no similar trend is visible, here the values scatter around the mean; only for 16EN as ERC is a slight trend of approx. 10 ‰ apparent over the complete period of seven weeks.
To summarize these findings, the change of drinking water can affect Δ 2 H values relevant to doping control analysis. But, within this study, no value was detected above the established thresholds, despite the fact that the change in HIR of drinking water was twice that which can be expected under normal conditions, i.e. during traveling. Regarding the reported values for HIR in water, it is impossible to mimic the change that was induced within this study simply by chance. Even the worst possible change of drinking water (which would result in a change of 160 ‰ [9, 11] ) would be buffered by all other sources of water administered (i.e. food and other beverages). To induce the strong change used in this study, water with a difference in HIR of more than 1600 ‰ was administered, resulting in a change of overall administered water of 250 ‰. So it would be extremely unlikely to find a false positive case solely as a result of variations in drinking water, especially so because it cannot be expected that differences in Δ 2 H values will be equally affected for all ERCs, as demonstrated for PD and 16EN in subject 1.
Exchangeable hydrogen atoms
Apart from some early work on exchangeable hydrogen atoms in cholesterol [28] , not much is found in the literature on this topic, especially investigations on this exchange under "normal" conditions, i.e. conditions usually found within urine. Although fast-equilibrating hydrogen atoms in OH groups are eliminated during derivatization, it is not known whether:
1. vicinal hydrogen atoms exchange with the surrounding water directly; 2. whether they exchange during the chemical reaction of derivatization; or 3. whether these atoms can be replaced during the cleavage of the glucuronide or sulfate moiety.
In acetone, for example, hydrogen atoms exchange slowly under these "normal" conditions whereas those in acetic For each subject n031 individual measurements were performed acid do not [28, 29] . To ensure that the changes detected in HIR are not because of these direct effects of urine on excreted steroids, we substantially changed the HIR of urine (and water fortified with steroid conjugates) and performed complete sample preparation with these aliquots to identify any exchange of hydrogen atoms.
In accordance with the early findings, no change in HIR was detected for any of the steroids under investigation, although it must be mentioned that the first investigation in 1937 on this topic sought percent differences for deuterium. Our results are listed in Table 4 .
For neither urinary steroids nor the standards added to water could any effect of the surrounding medium be confirmed. Each steroid at one level of enrichment was tested against all other levels of enrichment (t-test, a<0.05) and no significant difference was found. Additionally, all steroid HIR obtained were plotted against the magnitude of enrichment but no linear relationship with a slope significantly different from 0 (LM, a<0.05) could be detected. The only visible abnormality was the relatively high standard deviation for ANDRO-glucuronide added to water. This might be because of known difficulties in the cleavage of this conjugate during enzymatic hydrolysis [15, 30] , but no further investigations were conducted because this question was beyond the focus of this study.
In conclusion, it can be stated that variations in the deuterium content of the surrounding medium do not have any effect on the HIR of the measured steroids after performing the complete sample preparation. So, during de-conjugation no hydrogen atoms from the medium were incorporated into the steroid and derivatization completely substitutes any exchangeable hydrogen atom.
CIR of urinary steroids
No effect could be detected, either for the excretion study or for the exchange experiment. For the samples investigated from each subject (n031) standard deviations for δ 13 C values range from 0.2 to 0.4 ‰; for Δ 13 C values they ranged from 0.4 to 0.5 ‰, which is in perfect agreement with the technical capabilities of the method [3, 6] . No significant trends over time were apparent. As expected, similar low standard deviations (0.2 to 0.4 ‰) were obtained for CIR for the deuterium-enriched urine samples.
Conclusion
We carefully investigated whether a sudden change in the deuterium content of an athlete's drinking water induced by traveling, for example, can affect HIR measurements of urinary steroids in the context of doping control analysis. For our two volunteers, enrichment of overall water intake by 250 ‰ resulted in significant changes of HIR for all the steroids investigated. Because these changes occur predominantly in parallel, effects on Δ 2 H values were detected but no elevation of any of these differences beyond established thresholds could be confirmed. Taking into account that the induced changes here were more than double those that might be expected for real-life water changes for an athlete, we conclude that false positive findings above a defined threshold would be extremely unlikely, especially if different ERCs are considered.
Because no direct hydrogen exchange could be detected for any of the steroids investigated, this possible source of interference can be excluded. Changes apparent for HIR of excreted steroid metabolites should, therefore, only be because of changes in the overall precursor of endogenous steroids, cholesterol, which is de-novo synthesized by the body. Additional effects on HIR of steroid metabolites during metabolism, for example introduction of hydrogen atoms during the reduction of double bonds in TESTO or DHEA by enzymes using hydrogen derived from NADPH, cannot be excluded on the basis of the data available, but were not further identifiable with the chosen experiment. The differences found in turnover times of different steroids are most probably because of the different amounts present but, again, further studies would be necessary for clarification.
Changes in the deuterium content of body water seem not to affect steroid metabolism in any way, because both the One possible disadvantage of using HIR in sports drug testing, rapid changes of the deuterium content of drinking water, can be excluded as having a significant effect on this new method.
